Mast cell tumours (MCTs) are common neoplasms in dogs and are usually regarded as potentially malignant. Several studies have attempted to identify biomarkers to better predict biological behaviours for this tumour. The aim of this study was to identify pathways connected to clinical and histopathological malignancies, shorter survival times, and poor prognoses associated with MCTs. We performed genome-wide gene expression analyses on tissues obtained from 15 dogs with single MCTs, and identified two distinct tumour subtypes -high-risk and low-risk-associated with differences in histological grades, survival times, Ki67 indices, and occurrence of death due the disease. Comparative analyses of RNA sequence profiles revealed 71 genes that were differentially expressed between high-and low-risk MCTs. In addition to these analyses, we also examined gene co-expression networks to explore the biological functions of the identified genes. The network construction revealed 63 gene modules, of which 4 were significantly associated with the more aggressive tumour group. Two of the gene modules positively correlated with high-risk MCTs were also associated with cell proliferation and extracellular matrix-related terms. At the top of the extracellular matrix module category, genes with functions directly related to those of cancer-associated fibroblasts (CAFs) were identified. Immunohistochemical analyses also revealed a greater number of CAFs in high-risk MCTs. This study provides a method for the molecular characterisation of canine MCTs into two distinct subtypes. Our data indicate that proliferation pathways are significantly involved in malignant tumour behaviours, which are known to be relevant for the induction and maintenance of MCTs. Finally, animals presenting high-risk MCTs overexpress genes associated with the extracellular matrix that can be robustly linked to CAF functions. We suggest that CAFs in the MCT stroma contribute to cancer progression.
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Introduction
Canine mast cell tumours (MCTs) are malignant neoplasms composed of atypical mast cells that are characterised by high infiltration capacity and metastatic potential [1, 2] . It is one of the most commonly diagnosed neoplasms in dogs, accounting for 16-21% of cutaneous tumours [3] [4] [5] [6] [7] . Since the biological behaviours of MCTs are highly variable, a better understanding of the development and progression, as well as the identification of new prognostic indicators, can help in treating the diseased animals [8] .
Like most tumours in animals, canine MCTs are classified based on their histological appearances, which presumably reflect degree of cell differentiation. Besides this classification, prediction of biological behaviours in MCTs could be complemented by additional methods based on histochemical and immunohistochemical prognostic markers [9] [10] [11] [12] . However, as in human neoplasms, abundant evidence suggests the presence of unrecognised, relevant subclasses of tumours with respect to their underlying molecular phenotypes and prognoses [13] . Clinically, it is also apparent that histologically identical tumours can behave very differently [14] .
The transcriptomes of canine cancers have been investigated mainly by cDNA microarrays in mammary tumours [15, 16] , osteosarcomas [17, 18, 19] , hemangiosarcomas [20, 21] , lymphomas [22, 23] , histiocytic sarcomas [24] , mast cell tumours [25, 26] , and melanoma cell lines [27] . Compared to microarrays, next generation RNA sequencing (RNA-seq) is a more powerful technique, allowing the investigation of gene expression data at a whole-transcriptome level with unprecedented sensitivity and accuracy [28] . Recent investigations of canine tumours with RNA-seq have been carried out in B-cell lymphomas [29] , mammary carcinomas [30] , squamous cell carcinomas of the head and neck [31] , bladder cancers [32] , and hemangiosarcomas [33] .
In this study, we aimed to identify molecular pathways associated with MCT behaviour using differential expression and co-expression network analyses with RNA-seq-based transcriptomics data from canine MCTs samples. To the best of our knowledge, this is the first study to characterise MCTs using network methods.
Materials and methods

Canine tissue samples
Since only animals with single lesions were included in this study, a total of 15 cutaneous MCTs from 15 dogs were utilised. Fresh-frozen and formalin-fixed paraffin-embedded (FFPE) tissue sections of spontaneous canine MCTs were obtained from the Veterinary Hospitals of the School of Veterinary Medicine and Animal Science of the University of São Paulo, Methodist University of São Paulo and the Veterinary Clinic Provet. Samples were acquired from routine cases that were treated by wide surgical resectioning. All experiments were approved by "Ethics Committee for the use of animals" of the School of Veterinary Medicine and Animal Science of the University of São Paulo #2893/2013 and consent for the use of foreskin tissue was provided by the legal guardians of all tissue donors in this study.
All tumours were chosen based on the following inclusion criteria: 1) confirmed histological diagnosis of canine cutaneous MCT; 2) treatment with surgical excision without neoadjuvant chemotherapy (no radiation or chemotherapy before or at the time of tumour removal); 3) availability of follow-up data.
Each tumour was evaluated according to a two-tier grading system into low-grade (grade 1) or high-grade (grade 2) of malignancy [34] by the same veterinary pathologist (R. F. Strefezzi), who was not supplied with any information about the cases. The choice of this histopathological grading criteria eliminates the ambiguity of intermediate grade MCTs and is more accurate in predicting the biological behaviour of this tumour [9, 34] .
Follow-up data collection began from the day of first contact, and continued for at least 180 days post-surgery and included details of age, sex, breed, location of the lesions, time to relapse, overall survival and causa mortis, when applicable. Overall survival was defined as the interval between surgical excision and last follow-up day or death by any cause. At the end of the study, deaths unrelated to MCT were censored. Nine dogs (60%) received adjuvant chemotherapy. The treatment protocols included combinations of vinblastine, prednisone, and lomustine.
Ki67 immunohistochemical staining
FFPE tissues were sectioned into 5 μm-thick sections, deparaffinised in xylene, rehydrated in graded ethanol, and rinsed in distilled water. Endogenous peroxidases were blocked by incubating sections in 3% hydrogen peroxide for 5 m. Antigen retrieval was performed by incubating the sections in citrate buffer (pH 6.0) in a pressure cooker for 2 m and cooled for 20 m. All slides were rinsed with 0.05 M phosphate buffered saline (PBS, pH 7.6) with 0.01% Tween 20. For the negative control, the primary antibody was replaced with a normal mouse IgG at the same concentration as the primary antibody. The basal layer of the epidermis served as an internal positive control for Ki67.
Ki67 index
Histological images were evaluated distant from the deep and lateral margins of the tumour mass. For each lesion, a total of five high power fields (HPF) (400x magnification) were selected from areas with the highest percentage of labelled mast cells ("hot spots") at low magnification (100x magnification). To determine the percentage of proliferating cells (Ki67 index), we counted the number of mast cells showing positive and negative immunostaining for Ki67 in the chosen fields per captured image using the ImageJ software; a minimum of 200 cells for each section were counted. We determined the average percentage of positive mast cells in five fields without prior knowledge of the clinical outcome.
Definition of high-risk and low-risk MCTs
We used four criteria to divide MCT samples into low-or high-risk groups: histological grade, survival time, Ki67 index and death due the disease. The tumours were graded histologically with a two-tier system (low-grade or grade 1 and high-grade or grade 2). Each parameter received a score, which was added to the histological grade to obtain a combined score or score of malignancy.
For survival time, a score of 1 was designated to animals that remained alive for > 365 days; a score of 2, to those surviving for 180 � 365 days; and a score of 3, for animals with survival times of < 180 days.
Scores to evaluate the Ki67 indices of MCT samples were assigned as follows: a score of 1 was assigned to lesions that showed less than 3% immunoreactive cells; a score of 2 was assigned to lesions that showed 3% to 7% immunoreactive cells; and a score of 3 was assigned to lesions that displayed more than 7% of Ki67-positive cells [35] .
Finally, one of the most important biological characteristics to be considered in the study of cancers is their capacity to cause death of the patient. A score to quantify occurrence of death in the studied animals was created by assigning a grade of 0 to all animals that remained alive at the end of the study period, as well as to all censored animals, whereas a score of 3 was assigned to dogs that died due the tumour.
Lesions with a total score of 5 or below were classified as "low-risk" MCTs (samples S02, S03, S05, S06, S07, S08, S09, S11, S13, S14 and S15) and those with a score of 6 or more were defined as "high-risk" MCTs (samples S01, S04, S10 and S12).
Immunohistochemical staining for αSMA
We evaluated the expression of αSMA in stromal fibroblasts of 44 canine MCTs using immunohistochemistry in FFPE tissues, with a mouse monoclonal antibody (Clone HHF35; Dako Denmark A/S, Glostrup, Denmark). For negative controls, the primary antibody was replaced with normal rabbit or normal mouse IgG at the same concentration as the primary antibody.
All animals from which lesion samples were obtained for the study met the following criteria: 1) all were treated with extensive surgery; 2) none were subjected to neoadjuvant chemotherapy; and 3) follow-up data for at least 180 days was available. Lesions were obtained from routine cases and confirmed as MCTs by histopathology. The Veterinary Hospitals of the School of Veterinary Medicine and Animal Science of the University of São Paulo, Methodist University of São Paulo and the Veterinary Clinic Provet submitted the samples for the analyses.
The same criteria applied for the MCTs analysed by RNA-seq were used to divide the tumours subjected to immunohistochemical analysis into low-and high-risk groups: histological grade, survival time, Ki67 index and death due to disease. The term "low-risk" was attributed to cases with a score lower than 6 and high-risk for tumours with a total score equal to or greater than 6.
The number of positive fibroblasts were counted in five HPFs (400x magnification), using the ImageJ software. Fields were selected from areas with the highest percentage of labelled cells ("hot spots") at low magnification (100x magnification); the score was calculated from the sum of cells counted in five "hot spots" fields.
Statistical analysis
Ki67 index values of 44 MCT samples divided into high-and low-risk groups were compared using the Mann-Whitney U test. The number of fibroblasts testing positive for αSMA immunostaining was also compared between the low-and high-risk groups using the Mann-Whitney U test. The data were analysed with GraphPad Prism (version 4.02 for Windows, GraphPad Software, GraphPad Software Inc.) with the significance level set at 5%.
RNA extraction
Total RNA from each of the 15 fresh-frozen tissue samples were extracted using the RNeasy Mini Kit (Cat No./ID: 74104, Qiagen, Crawley, West Sussex, UK). All samples satisfied the criteria of a nucleic acid 260/280 ratio of approximately 2.0 and were subjected to further analyses. RNA quality was assessed using capillary gel electrophoresis on a BioAnalyzer system (Agilent Technologies Inc., Santa Clara, CA) with RNA 6000 Nano Labchips (Agilent Technologies Inc., Santa Clara, CA, EUA) according to the manufacturer's instructions. Only samples exhibiting minimal degradation as evidenced by RNA Integrity Number (RIN) � 7.0 were used.
RNA-seq data analysis
Sequencing was conducted using the Illumina platform (Illumina Inc., San Diego, CA), following the protocols provided by the manufacturer. Total RNA from 15 samples were converted into Illumina sequencing libraries using the TruSeq RNA Sample Preparation Kit in accordance with TruSeq RNA Sample Preparation v2 Guide (Illumina, USA, 2012, Part # 15026495 Rev. D). PolyA RNA was enriched from 1 μg of total RNA using oligo dT-coated magnetic beads, following which, the enriched RNA was fragmented and used for cDNA synthesis. The cDNA was fragmented, blunt-ended, ligated to bar-coded adaptors, and amplified using 15 cycles of PCR. Final library size distribution was validated through quantitative polymerase chain reaction (qPCR) using an Agilent 2100 Bioanalyzer with a KAPA Library Quantification kit (KAPA Biosystems, Foster City, USA). Adapter-ligated cDNA fragment libraries were run on Illumina HiSeq 2500 equipment using the TruSeq PE Cluster Kit and the TruSeq SBS Kit (2x100 bp). An average of 28.4 million PE 100-bp reads were sequenced per sample.
Sequencing quality was evaluated using the FastQC software (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/) and due to its high quality, no filter was applied prior to alignment. Read pairs were aligned to the dog reference genome (CanFam3.1) with TopHat2/ Bowtie2 (tophat.cbcb.umd.edu), allowing two mismatches per read. The sequence alignment map (SAM) files were filtered using Samtools [36] to remove secondary alignments, PCR duplicates, and low-quality alignments. Following this, read counts for each gene was estimated using HTSeq [37] . Gene expression was estimated as counts per million (CPM) and genes which presented at least 1 CPM in at least 4 samples were retained for DE analysis.
DE analysis was performed using the EdgeR package, which is based on negative binomial distributions, in the R environment [38] . Only transcripts with adjusted P-values (P aj ) � 0.05 e logFC � |2| were considered to be differentially expressed. To ensure that the differentially expressed genes were sufficient to differentiate between the 2 groups, a hierarchical clustering analysis was performed. Over-/under-expressed genes in canine MCTs were identified on a heatmap.
Co-expression analysis
Co-expression analysis was used to generate a transcriptional network to investigate associations between gene modules and malignancy grades of MCTs. The analysis was performed using the WGCNA (Weighted Correlation Network Analysis) package in the R environment [39] . From the total of 13,948 genes which passed quality control, only the 6000 most-connected genes were selected due to computational limitations; furthermore, genes with low connectivity were not considered since they are likely to contribute little to the network [40] .
Connectivity was calculated as the sum of correlations between one gene and all other genes in the network. To identify modules, a matrix was first generated by calculating Pearson's correlation coefficients between all genes and raising it to a power β (soft threshold) of 11. Following this, a topological overlap measure (TOM) was calculated by assigning values between 0 and 1 to each pair of genes based on the number of shared neighbours; this was then used to generate a clustering tree whose branches were identified for cutting using the dynamic tree-cutting algorithm [41] . Modules containing a minimum of 30 genes were detected and assigned to colour names. Pearson's correlation coefficients were used again to measure correlations between modules' expression profiles (module eigengenes) and the malignancy scores described earlier. Modules with significant correlations (p < 0.1) were considered biologically relevant and used for further analysis.
Functional enrichment analysis
A web-server interactive software tool, GOrilla, was used to identify GO terms enriched in both the differentially expressed genes and co-expression modules associated with tumour malignancy; this was done using a hypergeometric distribution with corrections for false positive rate or false discovery rate (FDR). Genes were converted to their human orthologues to obtain the best functional detail available. Only expressed genes were used as background and terms were considered significant only if P aj � 0.05.
Results
Clinical and histopathological data and Ki67 index values
A total of 15 dogs diagnosed with MCT were included in this study. The median age at diagnosis was 10 years (mean = 9.7 years, range = 3-15 years) and 41.2% of the patients were male. The most common breeds represented in our sample were Labrador Retrievers (5 dogs), Golden Retrievers (3 dogs) and Pit bulls (2 dogs). The remaining dogs in the sample were a poodle, dachshund, Cocker Spaniel, pug and mongrel. The most frequent locations of the MCTs were in the extremities (40% in the limbs and tail) and trunk (33.3%), followed by the abdomen and inguinal regions (13.3% each). A summary of the descriptions of the canine population is shown in Table 1 .
Histopathological analyses of the MCTs were performed according to the classification system described by Patnaik et al. (1984) [42] and 4 lesions were defined as grade I (26.7%), 10 as grade II (66.7%) and 1 as grade III (6.7%). The tumours were also graded using a two-tier histological system proposed by Kiupel et al. (2011) [34], and 13 (86.7%) MCTs were classified as low-grade while only 2 (13.3%) were classified as having a high grade of malignancy.
Three dogs (S04, S10 and S12) in our sample died due to MCT aggressiveness, which caused a local recurrence of MCTs with new tumour development after surgical removal or disseminated metastases. The MCTs from all the three animals that died were graded as 'intermediate' according to the criteria of Patnaik et al. (1984) [42] , and only one was diagnosed with MCT of high grade of malignancy by the two-tier histological system. One dog died due to unrelated causes and the remaining 12 cases were alive at the end of the study. The minimum follow-up period post-surgery was 190 days (median = 296 days, range = 101-1095 days) ( Table 1) .
The Ki67 index was determined by the percentage of neoplastic mast cells exhibiting a positive nuclear signal to anti-Ki67 antibodies. Ki67 scores ranged from 0.30-23.41% (mean = 5.7 ± 5.84%). The Ki67 scores for MCTs from the dogs that died due to tumour aggressiveness were 23.4%, 15.5% and 2.11%. (Table 1 
Classification of samples as high-or low-risk MCTs
The categorisation of malignancy in the MCTs was based on clinical and histopathological features. We established individual scores for measures of survival time, proliferation index, and death due the disease. Each of these scores was added to the histological grade assigned to obtain a score of malignancy (Table 2 ). This numerical scale allowed us to divide all MCT cases into two groups: higher scores indicated high risk of malignancy in tumours (samples S01, S04, S10 and S12), whereas lower scores indicated low risk of malignancy (samples S02, S03, S05, S06, S07, S08, S09, S11, S13, S14 and S15).
Canine mast cell tumour transcriptome
The number of paired end (PE) reads sequenced per sample ranged from 22,885,802 to 32,305,518 (an average of 28,404,278 PE reads were generated per sample). These sequences were mapped to the canine reference genome (canFam3.1) with a mean alignment rate of 83%, with a minimum alignment of 77.7% and maximum alignment of 86.4%. On average, the analyses revealed multiple alignments in 11% of multiple and discordant alignments in 2% of the reads. The remaining 79% of the reads were concordant alignments. Data per sample can be seen in Supporting Information (S1 Table) .
Differentially expressed genes in high-and low-risk MCTs
Comparisons of transcriptome profiles between high-and low-risk MCTs revealed 71 differentially expressed (DE) genes (P aj � 0.05) (Fig 1) . Of these, 68 were upregulated in the high-risk group while 3 genes were downregulated (Fig 1) . A list of the differentially expressed genes with their respective descriptions is available in Table 3 .
Co-expression analysis
A total of 63 modules were identified when the 6000 most-connected genes from the 15 samples were used for the analysis. Genes that are highly interconnected within the network (modules) are expected to be involved in the same pathways or in roles with related biological functions. The correlation analysis between module eigengene values and malignancy scores resulted in the identification of four significant modules (P < 0.1) (Fig 2) . Two modules, Palevioletred3 (r = -0.46, P = 0.09) and Floralwhite (r = -0.45, P = 0.09), are negatively correlated with malignancy scores, whereas the other two modules, Darkorange2 (r = 0.51, P = 0.05) and Darkorange (r = 0.45, P = 0.09), were positively correlated with malignancy scores (Fig 2) . The Palevioletred3 module included 43 unique genes (S2 Table) in Supporting Information and the Floralwhite module included 54 genes (S2 Table) . The Darkorange module included 85 unique genes (S2 Table) and the Darkorange2 module with 53 genes (S2 Table) in Supporting Information.
Functional enrichment analysis
The functional enrichment analysis of all 71 DE genes indicated that these genes were connected to immune/inflammatory responses, mitochondrial activity, and extracellular region (P aj � 0.05); most of them were found to be up-regulated in the high-risk group. Considering biological processes, there was an enrichment related to response to biotic stimulus (P = 1.28 x 10 , 13/71). When molecular functions were analysed, the enriched gene ontology (GO) terms included oxido-reductase activity (P = 5.97
, 7/71), mono-oxygenase activity (P = 8.26
, 7/71) and G-protein coupled receptor binding (P = 9.61 −7 , 8/71). Interestingly, when cellular components were included in the analysis, genes related to the extracellular region were also enriched (P = 9.65 −10 , 22/71). A new functional enrichment analysis to test for co-expression was carried out for each significant module. This analysis showed that only those modules positively correlated with MCT risk scores (Darkorange2 and Darkorange) presented significant enrichment in GO (P aj � 0.05).
The Darkorange2 module (53 genes) is involved mostly in biological processes related to positive regulation of cell proliferation. The most representative terms in this module included 'cell cycle process' (P = 3.08 x 10 ) and 'regulation of cell cycle' (P = 1.55 x 10 −10 ) (Fig 3A) . Corroborating this result, the enriched GO terms also included 'chromosomal part' (8.1 x 10 −9 ), and 'chromosome, centromeric region' (5.11 x 10 −8 ) (Fig 3B) when cellular components were included in the analysis. The second module, Darkorange (P = 0.09), showed functional enrichment in genes associated with the extracellular matrix (ECM). The enriched terms were 'extracellular matrix organisation' (P = 1.41 x 10 ), and 'collagen catabolic process' (P = 1.12 x 10 −13 ) (Fig 4A) . When cellular components were included in the analysis, enrichment in terms related to 'extracellular matrix' (P = 2.59 x 10 ) were also included in the results (Fig 4B) . When molecular functions were analysed, the enriched GO terms included 'platelet-derived growth factor binding' (P = 5.04 x 10 −8
) and 'extracellular matrix structural constituent' (P = 1.02 x 10 −7 ) (Fig 4C) . Human orthologues were used in ensembl gene ID that not found a respective gene name in canine transcriptome.
Biological validation of significant modules
https://doi.org/10.1371/journal.pone.0217343.t003
Molecular differences between mast cell tumours of low and high risk of malignancy through RNA sequencing
Since the 'extracellular matrix module' (Darkorange module) was significantly associated with high-risk MCTs, we further analysed samples to detect the presence of fibroblasts, one of the main components of the stroma that influences the ECM. Fibroblasts within the tumour stroma with a modified phenotype are termed 'cancer-associated fibroblasts' (CAFs) and are mostly defined based on the expression of markers such as α-smooth-muscle actin (αSMA). Immunohistochemical analyses to identify and quantify CAFs in 44 canine MCT samples revealed diffuse cytoplasmic immunostaining patterns in fibroblasts (Fig 5) . In the 22 samples that were classified as low-risk (50%), and 22 as high-risk tumours (50%) using the malignancy score (S3 Table) , CAFs were present in significantly higher numbers in MCTs classified as high-risk (P = 0.0021) (Fig 6) .
Discussion
In this study, we aimed to identify the mechanisms involved in MCT progression using a transcriptomic approach. Our integrative approach, involving datasets on global gene expression profiles, co-expression analyses, functional enrichment analyses, and validation by immunohistochemistry, revealed that high-risk MCTs are associated with genes that promote increased cellular proliferation and stimuli from the tumour stroma.
First, in a typical genome-wide expression analysis experiment, we used mRNA expression profiles to generate a large number of genes ordered in a ranked list, according to their DE in the high-risk and low-risk MCT groups. The challenge with these data was to extract biological meaning from the list obtained, since single-gene analyses may miss important roles played by whole pathways [43] . Alternatively, we performed co-expression analyses to examine our data at the level of gene sets to obtain information on significant pathways or on ontology.
Since we used proliferation index as a criterion for categorising MCT samples into highand low-risk groups, our bioinformatics analyses show that a significant number of genes involved in providing proliferation stimuli are upregulated in high-risk MCTs. This result suggests that the molecular pathways identified in our study are biologically relevant to the phenotypes observed. Our results partially corroborate those obtained by Giantin et al. (2014) [25], who demonstrated that a different set of up-regulated genes in undifferentiated MCTs are involved in pathways regulating mitosis. An additional research with the same spontaneous canine cutaneous MCT samples also demonstrated cell cycle gene differentially regulated between aggressive and not aggressive MCTs [26] . More importantly, these results also confirm earlier results that demonstrate the importance of the Ki67 index as a prognostic indicator for MCT, independent of the histopathological grade of the disease [35, 44] and that dogs with high scores of Ki67 expression have shorter survival times [45, 46] . However, the key finding of our study was obtained from the functional enrichment analyses of transcriptomic networks involving the ECM. We must consider that RNA is extracted from the whole MCT tissue. In addition to simply anchoring cells, it is now known that the ECM is an active and complex tissue component [47, 48] . Since fibroblasts are the most abundant cells in connective tissues and are intimately linked to the ECM, both as builders and residents, the modulatory properties of the local ECM are most apparent in fibroblast functions [49] .
GO terms associated with the ECM were the most over-represented in the Darkorange module, and their expression levels were also positively correlated with malignancy scores. Thus, this module appears to integrate multiple ECM signatures and is likely to play an important role in the progression of MCTs. The Darkorange module contains 10 overexpressed collagen genes (S2 Table) ; as of now, it is not possible to dissociate the role of these molecules from those of the fibroblasts' matrix microenvironment. In addition, the Darkorange module also includes the mRNAs of Lysyl oxidase (LOX) and lysyl oxidaselike-2 (LOXL2), which are matrix enzymes that promote cross-linking of fibrillar collagen and are synthesised by fibroblasts [50] . Stromal LOX expression has been implicated in the development of the metastatic niche [51] and LOXL2 expression is also thought to play a role in promoting invasion [52] [53] [54] [55] .
Interestingly, another gene that is included in the "extracellular matrix module" is the platelet derived growth factor receptor-α (PDGFRA), a tyrosine-kinase receptor. Notably, PDGFRA expression on the cell surface is restricted to the stromal compartment in skin and tumour cells [56] and the molecule is reportedly expressed by up to 90% of stromal fibroblasts in solid tumours [57] . Local fibroblasts or fibroblast precursors stimulated by members of the PDGF or transforming growth factor beta (TGF-β) family have generally been considered to be the major source of CAFs [58] . These cells within the tumour stroma contribute structurally and functionally to the progression, growth, and spread of cancers [58] [59] [60] . CAFs in the tumour stroma acquire a modified phenotype, similar to wound healing fibroblasts, and are also known as myofibroblasts, reactive stromal fibroblasts, tumour-associated fibroblasts, or activated fibroblasts [58, 61] . Several studies highlight αSMA as an important marker for these cells [62] [63] [64] .
Based on these findings, we hypothesised that high-risk tumours have an altered microenvironment influenced by CAFs. To confirm this possibility, we demonstrated by immunohistochemistry, that high-risk MCTs have higher number of CAFs in their stroma than low-risk MCTs. The importance of this subpopulation of cells in the tumour microenvironment is emphasised when taken in conjunction with the results of functional enrichment analysis of the Darkorange module for angiogenesis. CAFs have been shown to support tumorigenesis by stimulating angiogenesis, cancer cell proliferation, and invasion [56, [65] [66] [67] .
In accordance with our results, several studies have demonstrated that higher expression levels of αSMA in tumour stromal fibroblasts is an independent prognostic marker for several human cancer types [68] [69] [70] and canine neoplasms [71] . In addition, it is interesting to note that there is an association between LOXL2 protein expression and α-SMA-positive stromal fibroblasts in diverse types of solid tumours and that LOXL2 inhibition was efficacious in inhibiting cancer growth in both primary and metastatic xenograft models [72] .
Conclusions
In summary, our study indicates a set of specific genes in MCT samples that have different expression levels in high-risk and low-risk groups. An integrative analytic approach revealed that these genes are related to cellular proliferation and ECM components, mainly from stromal CAFs. While our study provides some insight into the emergent properties of CAFs, more efforts are required to validate and extend our findings. Table. RNA-seq data. RNA-seq data analyses with the description of each lesion detailing the percentages of alignment to the dog reference genome. (PDF) 
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